Fabrication of polycaprolactone (PCL)-chitosan (CS) three-dimensional (3D) scaffolds using the novel technique of melt stretching and multilayer deposition was introduced. In brief, firstly, the PCL-CS monofilaments containing 0% (pure PCL), 10%, 20% and 30% CS by weight were fabricated by melting and stretching processes. Secondly, the desired multilayer (3D) scaffolds were fabricated by arranging and depositing the filaments. Physical properties of the filaments and the scaffolds were evaluated. MC3T3-E1 cell lines were seeded on the scaffolds to assess their proliferation. A typical micro-groove pattern was found on the surfaces of pure PCL filaments due to stretching. The filaments of PCL-30%CS had the highest tendency of fracture during stretching and could not be used to form the scaffold. Increasing CS proportions tended to reduce the micro-groove pattern, surface roughness, tensile strength and elasticity of the filaments, whilst compressive strength of the PCL-CS scaffolds was not affected. The average pore size and porosity of the scaffolds were 536.90 ± 17.91 µm and 45.99 ± 2.8% respectively. Over 60 days, degradation of the scaffolds gradually increased (p > 0.05). The more CS containing scaffolds were found to increase in water uptake, but decrease in degradation rate. During the culture period, the growth of the cells in PCL-CS groups was significantly higher than in the pure PCL group (p < 0.05). On culture-day 21, the growth in the PCL-20%CS group was significantly higher than the other groups (p < 0.05). In conclusion, the PCL-20%CS scaffolds obtained the optimum results in terms of physical properties and cellular response.
Introduction
Over the decades of bone tissue engineering, use of scaffolds instead of bone grafts has become more popular. Ideally, the scaffolds should be biodegradable which can act as temporary matrices for vascularization, cell proliferation and extracellular matrix deposition until the new bony tissue is totally restored. The scaffolds should degrade at a rate commensurate with bone regeneration, whilst mechanical strength of the scaffolds should be maintained during this period. In addition, their structures should consist of three dimensions (3D) with appropriate pore size and interconnecting pore systems for transporting nutrition and bone cell in-growth throughout the scaffolds [1, 2] . Various techniques for fabrication of the scaffold have been introduced including conventional methods such as solvent casting, particulate leaching, gas foaming, freeze drying and phase separation [2] . These techniques are simple and inexpensive. However, removal of residual cellular toxic solvent or particles is required and the scaffolds are commonly restricted in shape [1, 3] . The 3D scaffolds which are highly regular interconnected pore networks have been fabricated by various techniques such as fused deposition modeling [3] , multilayer micromolding [4] , porogen-based solid free form fabrication [5] and rapid direct deposition [6] . Nevertheless, most of them still used solvents or porogens which should be eliminated after processing. Fused deposition modeling fabricated the polymeric scaffold by melt-mixing without any solvent used. However, this technique required high cost computerized machines.
The melt stretching and multilayer deposition (MSMD) technique is developed by our institute for fabricating the 3D polymeric scaffolds, which is based on using basic facilities. The system of MSMD scaffold can be applied to reconstruct bone defects in several areas of oral and maxillofacial region (figure 1). This technique is practical, economical and suitable for industrial application. The melt-blending technique is considered to be a clean method. The meltingextruding machine developed for this technique can replace melting-chambers for each material to prevent contamination (figure 2).
Many types of polymers have been used as biomaterials for fabricating the bioresorbable scaffold. Among those, synthetic biodegradable aliphatic polyesters such as polylactic acid (PLA), polyglycolic acid (PLGA) and poly ε-caprolactone (PCL) have been commonly used. Among the polyester family, PCL is the most flexible material that has excellent processability due to its typical low melting point at 60
• C and the glass transition at −60 • C [4, 8] . In addition, the thermal stability is high due to its decomposition temperature (T d ) at 350
• C. Moreover, PCL has been approved by the Food and Drug Administration (FDA) as a medical and drug delivery device having non-toxic and tissue compatible material [7, 8] . PCL has been commonly used for clinical trials with extensive support in vitro and in vivo studies [7] [8] [9] . However, PCL is a hydrophobic material and has a slow degradation that is not commensurate with the bone remodeling process [1] .
Polymer blending is an effective way to develop new products by obtaining the properties that are not processed by individual materials. The versatility of PCL in blending with other polymers allows the modification of its properties to overcome its drawbacks. In principle, polymer blends consist of a major component or matrix and a minor component or filler. The single material that incorporates more than 50% into the blend is considered to be the major component, whilst the additional materials being less than 50%, are the minor components. Among the minor components, chitosan (CS) has been widely used to combine with PCL [10] [11] [12] [13] [14] [15] [16] . CS is the second most abundant natural biopolymer (polysaccharides) obtained by alkaline deacetylation of chitin, derived from exoskeletons of crustaceans. Advantages of using CS as a biomaterial have been widely reported for many years. Several studies [17] [18] [19] [20] [21] reported the tendency of CS to promote growth and differentiation of osteoblast cells and skeletal mineralization in vivo. It was postulated that strong attraction between positive charges on the CS surface and negative charges on the cell surface enhanced the metabolic activity of cells [22] . The positive charges also easily interact with anionic glycosaminoglycans (GAG), proteoglycans and other negatively charged molecules in the extracellular matrix [15, 23] . This property allows CS to retain and concentrate biomolecules since a large number of cytokines/growth factors are linked to GAG. Furthermore, the effects of CS on enhancing angiogenesis and accelerating wound healing were reported [23, 24] . Cationic amino groups of CS are also associated with anions on the bacterial cell walls which suppress their biosynthesis [23] . Thus, coating CS on prosthetic grafts in an attempt to combat post-operative infection was reported [14] . Furthermore, CS is a hydrophilic material which degrades with living tissues and evokes a minimal foreign body reaction [23] . Nevertheless, the main drawback of CS is its poor mechanical property which is brittle in a wet state [10] . In this study, it is hypothesized that the degradation rate for the PCL-CS scaffold would accelerate and gain the advantages of PCL and CS discussed above. Previous studies fabricated scaffolds in various ratios of PCL:CS 0.5-75% [10] [11] [12] [13] [14] [15] [16] . Most of the previous studies [12, 15, 16] fabricated
(C) Figure 4 . The filaments were stretched to decrease their diameter (A). The filaments could be stocked for the next steps; pure PCL group (B) and PCL-CS groups (C).
PCL-CS composite scaffolds by using acidic solvents, and fewer studies [10, 11] used melt-mixing techniques. Their results demonstrated that the addition of CS altered the thermal and physical properties of the blend [11, 13, 14] . In addition, the percentages of CS affected the responses of cells including fibroblast [10, 13, 25] , neuroblastoma cells [10] and chondrocytes [26, 27] . Nevertheless, responses of osteoblasts, which are the most important cells for bone regeneration, have not been studied yet. The aims of this study are to evaluate the properties of PCL-CS MSMD scaffolds containing various percentages of CS in terms of physical characteristics and to promote proliferation of osteoblast cells.
Materials and methods

Scaffold fabrication
Pure PCL and PCL-CS scaffolds were fabricated using the MSMD technique according to the following protocols.
2.1.1. Pure PCL scaffold. Firstly, PCL pellets (M n 80 000 by GPC, Sigma Aldrich) were melted at 100
• C for 10 min in the melting-extruding machine (figure 3). The monofilaments were fabricated by extruding the melted PCL through the nozzle tip (diameter 1.0 mm) by continuous pressuring. After that, the filaments were stretched at speeds of 30-50 mm min −1 to decrease their diameter using the applied universal testing machine (Lloyd TM , England) with a load axis of 500 N (figure 4). The stretched filaments were arranged manually to form monolayer scaffolds on the custom-made poly-vinyl template (3M ESPE, USA). The pattern of the scaffolds was a grid pattern of filament lines at 90
• to each other with average gap areas of 500 µm 2 between the lines (figure 5). The contact points of each filament were connected by stamping in warm distilled water at 55
• C for 60 s using the custommade compressing device. This step could be repeated until all contact points fused together. The multilayer (3D) scaffolds were made by depositing monolayer scaffolds and repeated stamping (figure 6).
(A) (B) Figure 5 . The monolayer scaffolds were made by arranging the filaments on the poly-vinyl template and stamping (A). The design of the monolayer scaffold was a grid pattern with average gap areas of 500 µm 2 (B).
PCL-CS scaffold.
PCL pellets and CS particles (CS middle-viscous,M w = 3 × 10 5 -5 × 10 5 , 75-85% deacethylation, Fluka, Japan) were milled down using the freezer-mill machine (SPEX Sample Prep LLC, USA). The CS micro-particles were prepared by sieving through the testing sieve 75 µm (Retsch, Germany). The two polymers were mixed together in various percentages of CS by weight. The PCL-CS 3D scaffolds (figure 6(C)) were fabricated using the same protocol.
2.1.3.
The study groups and scaffold preparation. The scaffolds were divided into four groups according to the percentage of CS by weight (group I: PCL 100% (pure PCL), group II: PCL-10%CS, group III: PCL-20%CS and group IV: PCL-30%CS). To prepare the testing specimens, the monolayer scaffolds were cut into round shapes, 12.45 mm in diameter. The scaffolds were made by depositing three monolayer scaffolds with the lay-down pattern of 0
• /90
• between each layer (figure 7). The physical properties of the scaffolds were assessed as the following protocols. Five samples per group were tested for each parameter.
Scaffold's morphologies
The surface macro/microstructure was analyzed by a stereomicroscope (Nikon SMZ1500, Japan), a measuring microscope (MM; Nikon MM-400L, Japan) and a scanning electron microscope (SEM; JEOL Ltd, Japan).
Interconnectivity and porosity.
The micro-computer tomography (Micro-CT; µCT20, Scano Medical AG, Figure 6 . The monolayer scaffold could be cut into various shapes (A). The 3D scaffolds were made by depositing the monolayer scaffolds and stamping; pure PCL scaffolds (B), PCL-CS scaffolds (C).
(A)( B ) Figure 7 . Diagrams of the scaffold's arrangement for testing. Multilayer scaffolds were made by the depositing of three monolayer scaffolds with the lay-down pattern of 0
• for each layer (A). The round shape 3D scaffolds (circle) were used (B).
Switzerland) was used to evaluate the interconnectivity and the porosity of the scaffolds. Axial scanning with a section thickness of 500 µm was made and scaffold volume fractions (percentage of scaffold volume/total volume) were calculated by analysis software (Revision 3.1, Scano Medical AG, Switzerland).
Surface roughness.
Surface roughness of the scaffolds was assessed by an atomic force microscope (AFM) (SPA 400, Seiko, Japan). Three surface areas of 10 µm 2 on the filaments of each scaffold were randomly scanned. Topographic images were obtained in tapping mode using silicon probes with a radius tip of 10 nm and a scan rate of 0.3 Hz. Surface roughness (Ra) was calculated using associated software (SPI Win, version 4.08F).
Thermal analysis
The proper temperatures for processing the PCL-CS blends were assessed by using a differential scanning calorimeter (DSC; Perkin Elmer 7, USA). The samples were 5-10 mg of several pieces of monofilaments, PCL pellets and CS microparticles. For the study groups, the filaments were tested at 0-200
• C at a rate of 10
• Cm i n −1 . PCL pellets and CS particles were tested at 0-500
• Cmin −1 .T h e thermal profiles including the glass transition temperature (T g ), melting temperature (T m ) and decomposition temperature (T d ) were determined.
Mechanical testing
The universal testing machine (Lloyd, UK; 5 kN load cell) was used to determine the mechanical properties of the monofilaments and the scaffolds. Tensile force was applied to the filaments at the speed of 20 mm min −1 until breaking. For compression tests, four-layer scaffolds were prepared to obtain adequate thickness. A vertical loading force was applied to the scaffolds starting from 0 to 200 N at a crosshead speed of 10 mm min −1 . The stress-strain behaviors were assessed by the load-displacement curve.
Degradation experiments
The scaffolds were immersed in the simulated body fluid (SBF) solution for assessment of degradation over 60 days. SBF was prepared in accordance with Kokubo et al [28] consisting of ion concentrations nearly equal to those of human blood plasma and buffered at pH 7.4 at 37
• C. Regarding lysozyme, the primary enzyme responsible for degradation of CS in vivo through hydrolysis of acetylated residues [15] , 13 µgm l −1 solution of lysozyme (egg-white, ultra pure grade, Amresco, OH, USA) was added to the SBF relined on the normal range of lysozyme in human serum [29] . The scaffolds of each group were weighed (W d 0 ) before placing them into 24 well culture plates (Nunc TM , Denmark) and completely immersed in 2 ml of SBF solution with lysozyme. The plates were put into an incubator with a constant temperature of 37
• C. The lysozyme solution was refreshed every 2 days to ensure continuous enzyme activity. The scaffolds of each group were collected at the time intervals of 7, 21, 30, 45 and 60 days to measure their weight loss and water uptake (N = 5/group/each time point). At each time point, the scaffolds were blotted with filter paper to remove surface water and weighted (W wt ). After that, they were rinsed in distilled water, dried at room temperature and freeze dried for 24 h. The dried weight (W dt ) of the scaffolds was measured after the freeze drying process. Water uptake was calculated using the following equation [30] :
Weight loss was calculated using the following equation:
Assessment of cell proliferation
2.6.1. Cell culture and seeding. MC3T3-E1 subclone 4 cells (ATCC, USA) were grown in Alpha-Minimum Essential Medium (α-MEM, Gibco, Invitrogen, USA) containing 10% fetal bovine serum (Gibco, Invitrogen, USA), 10 000 units ml −1 penicillin/streptomycin (Gibco, Invitrogen, USA), and 250 µgml −1 fungizone (Gibco, Invitrogen, USA). The cells were cultivated in 5% CO 2 at 37
• C until reaching confluence and then subculture was done. The cells between passages 3-6 were used for the experiments. On days 21, 14, 7, 3 and 24 h before the experiment, the cells were seeded on the scaffolds of each group according to the following protocol. Prior to cell seeding, the scaffolds were sterilized for 30 min in 70% ethanol and air dried. Then, they were placed in 48 well non-treated culture plates (Nunc, Denmark), one scaffold per well and neutralized in the medium for 24 h. Cell-scaffold constructs were made by seeding 5 × 10 4 cells/scaffold and left for 24 h to allow cell attachment. After that, the constructs were moved to the new wells in order to exclude the cells that failed to attach, then, osteogenic medium (the culture medium stated above supplemented with 5 mM β-glycerophosphate (Sigma, USA), 500 µM dexamethasone (Sigma, USA) and 50 µgm l −1 ascorbic acid (Sigma, USA)) was added to each well. The constructs were cultivated in 5% CO 2 at 37
• C and the medium was changed every 3 days until the experiment days.
Microscopic observation
On the day of experiment, the constructs were removed from the culture plate and rinsed with phosphate buffer saline (PBS) and then fixed in 2.5% glutaraldehyde in PBS for 2 h. After that, they were dehydrated in an ethanol series of 30-100%, then dried and coated with gold-palladium. Cell characteristics on the scaffolds at each time were examined by a scanning electron microscope (JEOL Ltd, Japan).
Cell proliferation test
The cell proliferation reagent WST-1 (Roche, Germany) was used to measure activity of mitochondrial dehydrogenases in the constructs for reflecting the number of viable cells. On the day of experiment, all constructs were moved to a new well and 300 µl of fresh culture medium was added to each well. 30 µlo fW S T -1 solution was added to each well and incubated for 4 h at 37
• with 5% CO 2 . After incubation, the medium of each well was be pipetted to a 96-well plate in triplicate (100 µl/well). The absorbance of the formazan product of each well was measured with a microplate reader (Biotrak II, Australia) at 440 nm.
Statistic analysis
Descriptive statistics and one-way analysis of variance were applied to compare all parameters among the study groups. Multiple comparisons with the Tukey HSD test were done where variances were homogeneous; otherwise, Dunnett's T3 test was applied. The data were analyzed using statistic analysis software (SPSS version 13, USA). The level of statistical significance was set at a p value < 0.05.
Results and discussion
Scaffold fabrication
The average diameter of the filaments before and after stretching was 0.905 ± 0.08 mm and 0.456 ± 0.07 mm respectively. The filaments could be stocked and fabricated monolayer scaffolds by using different techniques including deposition, knitting or weaving. The monolayer scaffolds could be cut into various shapes according to size of bone defects. In addition, the multilayer deposition technique could provide various designs of the 3D scaffolding even by changing the degree of each layer. During stretching, the filaments of PCL-30%CS had a high tendency to fracture and the scaffolds of group IV could not be fabricated. Thus, the scaffolds of this group were excluded from the experiments. However, the filaments of PCL-30% CS could be tested in some parameters. 
Scaffold's morphologies
Figures 8-11 taken by the stereoscope and SEM demonstrated the surface morphologies and interconnecting system of the scaffolds. The pictures of SEM revealed that the surfaces of pure PCL filaments had the generalized micro-groove pattern, whilst the surfaces of the PCL-CS filaments were more irregular and had less micro-groove pattern. The PCL-CS filaments were thoroughly filled with CS particles and micro voids inside the filaments. The average pore size of the scaffolds measured by MM was 536.90 ± 17.91 µm and the average porosity measured by Micro-CT was 45.99 ± 2.8%.
The surface topography and the surface roughness of the scaffolds using AFM were demonstrated in figure 12 .T h e highest surface roughness was found in the pure PCL group followed by PCL-10%CS and PCL-20%CS. There was no significant difference of the surface roughness among the groups (p > 0.05).
Several previous studies reported the effect of pore size and porosity on bone cell proliferation and differentiation. Nevertheless, the optimal pore size and porosity for bone regeneration cannot be suggested due to the wide range of bone features, diversity of biomaterials and difference of cells and cytokines used in the experiments. Better osteogenesis occurred when osteoblasts were cultured on the scaffold with pore size larger than 300 µm [31] [32] [33] [34] . Some studies [34] [35] [36] concluded that the large pore's diameter would enhance vascularization resulting in higher oxygen tension and nutrients in the center of the scaffold. The grid pattern of 500 µm 2 is considered to be an appropriate pore size, not only for enhancing osteogenesis but also for simplifying the fabricating process. Interconnecting systems of the scaffold also affect the osteogenesis. Jin et al [35] found that longer and curved pores scaffolds would hinder penetration of mesenchymal cells and capillaries resulting in bone formation only on the outer surface. The interconnecting pore system of the MSMD scaffolds is not complex; thus, osteoblast cells can penetrate throughout the scaffolds and gain more bone formation in the deeper parts. Influences of the scaffold's porosity on osteoblast cells are still controversial. In vitro, some studies [37, 38] found that the cell proliferation increased on high porosity scaffolds. In contrast, more differentiation of the cells with expression of higher alkaline phosphatase activity and osteocalcin was found on the scaffolds with lower porosity. In vivo, some studies [39, 40] conversely reported that high porosity had tendency to enhance the cell differentiation and osteogenesis. Others [41] [42] [43] [44] showed that no difference in the osteogenic outcome was detected among the scaffolds with different porosities. In the near future, the MSMD scaffold will be assessed for osteogenesis both in vitro and in vivo.
Unlike any technique of the previous studies, the microgroove pattern on the surface of scaffold's filaments is typically found in the MSMD technique. This pattern occurred during the stretching process and was found more common in the pure PCL group than in the PCL-CS groups. The additional CS particles make the surfaces of the PCL-CS filaments more irregular than those of pure PCL filaments. Furthermore, micro voids within the PCL-CS filaments made them softer and more flexible than the pure PCL filaments. Therefore, the micro-groove pattern on the PCL-CS filaments could be erased during the stamping in warm water. Corresponding with the micro-groove pattern, there was more surface roughness in the pure CS group than in PCL-CS groups. This contrasted with previous studies [14, 45] which reported that the higher the percentage of additional CS, the more the surface roughness of the scaffold would increase.
Thermal analysis
The thermal profiles of the PCL pellet and CS micro-particles were demonstrated in figure 13 . PCL pellets had an onset of the first peak at 55.9 ± 3.1
• C with the highest point at 59.8 ± 2.1
• C. An onset of the second peak was found at 357.2 ± (A)( B) (C) Figure 13 . A thermal profile of PCL pellets (A), CS micro-particles (B) and superimpose of the DSC scans of the PCL-CS blends and pure PCL (C).
3.9
• C with the highest point at 410.1 ± 0.9 • C. For CS particles, the wide first peak was found initially from 42.6 ± 0.5
• C with the highest point at 95.6 ± 2.9
• C; the second peak started at 285.9 ± 0.7
• C with the highest point at 306.2 ± 0.5 • C. The thermal profiles of PCL-CS groups are demonstrated in figure 14. PCL-10%CS had an onset of the first peak at 55.2 ± 3.1
• C with the highest point at 58.3 ± 2.2 • C. PCL-20%CS had an onset of the first peak at 54.5 ± 1.2
• C with the highest point at 58.2 ± 1.3
• C. PCL-30%CS had an onset of the first peak at 52.1 ± 0.4
• C with the highest point at 55.9 ± 0.6
• C. Due to the fact that MSMD technique is a thermal based blending, thermal profiles of the matrix and filler should be strongly considered. The protocol of this technique is performed mainly according to the results of the DSC. Corresponding to previous studies [7, 46] the result of this study showed that PCL had a wide rank of melting temperature approximately from 60 to 360
• Cp r i o rt o decomposing. However, the thermal profile of CS was not clearly demonstrated by using the DSC. CS had a first board peak starting from nearly 42.6 to 136.7
• C and the second exothermic peak was at nearly 286
• C. Normally, the peak of T g increases sharply rather than stepwise; thus, the first peak seemed to be T m rather than T g and the second peak was possibly T d . However, CS did not melt at the first peak, but it became discolored and gradually decomposed at above 200
• C. Therefore, the first board peak was probably due to water evaporation rather than T m , and only T d of CS at 285.9
• C was detected in this study. This result corresponds to previous studies [11, 14, 47] which controversially demonstrated different thermal profiles of CS. Correlo [11] suggested that CS had a T g of 140-150
• C, whilst Sarasam et al [14] found that the T g of CS was unclear and it usually underwent decomposition at 270
• C prior to melting. Kittur et al [47] demonstrated that there was no T g of CS observed in the heating scans. T g probably lay at a rather higher temperature, where degradation at 230
• C prevented its determination. With regard to those results, we selected the temperature at 100
• C for fabricating both PCL and PCL-CS blend. This temperature is mild and practical to manipulate. At this point, PCL completely melted, whilst the CS did not degrade. Considering the onset of the first peak of PCL-CS blends ( figure 13(C) ), it was implied that CS had a tendency to reduce the T m of the blend. The average onset of their first peak was at 53.9
• C. Therefore, the step of stamping was done at this point to allow only outer surfaces of the filaments to begin to melt without distortion, and their contact points could be fused together by compressing.
In principle, miscibility of the polymer blends can be assessed by their thermal properties. A miscible blend often has one T g ; in contrast, an immiscible blend usually has more than one T g . In this study, the thermal profile of a PCL-CS blend did not reveal any trend of this thermal miscibility. SEM pictures also demonstrated that PCL and CS coexisted as separate phases in the blends without interfacial bonding. In addition, a lot of voids throughout the filaments were observed. These affected the strength of the PCL-CS filaments, especially in the PCL-30%CS group. Incidences of the filament's fracture during stretching in this group remarkably increased.
Immiscibility of PCL and CS was reported in some previous studies [10, 11, 13, 14] that used different blending techniques. Correlo et al reported that CS and the polyesters including PCL, poly(butylene succinate) (PBS), poly(butylene terephthalate adipate) (PBTA), and poly(butylene succinate adipate) (PBSA) were not miscible and phase-separated systems when processing through the melt extruder. The lack of adhesion between CS particles and the polyester matrix resulted in interfacial slippage between the CS and the polyester matrix, leading to voids and cavitations in the SEM images. The cavities were also resulted from the particle pull-out from the matrix. Nevertheless, the authors concluded that CS could be melt blended with several biodegradable polyesters to produce materials with a range of acceptable properties. In addition, homogeneous composition and morphology was found only to be present at low percentage of CS ( 10 wt%). Sarasam et al [14] reported that there was no chemical bonding from Fourier transform infrared spectroscopy (FTIR) analysis between PCL and CS in the blends prepared by dissolving in acetic acid without complex chemical modifications. In contrast, they also found that the thermograms using Flory-Huggins theory showed miscibility of the blend; however, above 50% PCL concentrations indicated a lesser interaction between the two polymers [13] .
Mechanical testing
The mechanical properties of the filaments were demonstrated in figure 14 . The graph of strain at maximum load showed that the pure PCL filaments had significantly higher elasticity than the PCL-CS filaments (ANOVA, F = 27.78; df = 3; p = 0.000). The graph of stress at maximum load showed that the tensile strengths of pure PCL and PCL-10%CS filaments were significantly higher than PCL-20%CS and PCL-30%CS filaments (ANOVA, F = 23.84; df = 3; p = 0.000). Among the PCL-CS groups, the elasticity and the tensile strength of the filaments decreased with increasing percentage of CS. The graph of Young's modulus showed that the filaments of PCL-10%CS had the highest stiffness followed by pure PCL and PCL-20%CS. Stiffness of the filaments of PCL-30% CS was significantly lower than the other groups (ANOVA, F = 17.47; df = 3; p = 0.000). The mechanical properties of the scaffolds were demonstrated in figure 15 . The PCL-30%CS group was excluded from this testing. The data showed that there was no statistic difference of elasticity, compressive strength and stiffness among the groups of pure PCL, PCL-10%CS and PCL20%CS (p > 0.05).
The mechanical performance of polymer blends depends on the properties of the matrix and the filler. Their strength depends on the strength of the matrix, the interfacial adhesion between the matrix and the filler, and the ability to transfer stresses across the interface [11] . In MSMD processing, stretching of the filaments can not only decrease the diameter but also increase their strength due to rearranging the polymer molecules. The result showed that pure PCL filaments had excellent tensile strength and elasticity. These properties were reduced with the increase in percentage of CS content. That is possible due to poor interfacial adhesion between PCL and CS. However, the strength of the PCL-CS scaffolds was not affected. The elasticity of PCL-CS scaffolds, which is higher than pure PCL scaffolds, was possibly due to a lot of voids in their filaments. The MSMD scaffolds containing 0-20% CS could withstand a compressive force up to 200 N. It is implied that they could maintain an adequate mechanical strength against wound contraction during the healing process. Nevertheless, using in the high load bearing area including direct bite force must be avoided.
Degradation experiments
The degradation behaviors of scaffolds are demonstrated in figure 16 . The PCL-30%CS group was excluded from the experiment. During the 60 days, weight loss of the scaffolds in all groups increased with time. Weight loss of the PCL-10%CS scaffolds significantly increased on day 30 (ANOVA, F = 5.617; df = 4; p = 0.006), whilst there was no statistical change found in the pure PCL group and in the PCL-20%CS group. On day 60, weight loss of the scaffolds detected in the pure PCL group > PCL-10%CS group and > PCL-20%CS group. Nevertheless, there was no significant difference among all groups at each time point. Water uptake of all groups slightly changed during the 60 days (p > 0.05). The over all water uptake was detected in the PCL-20%CS group > PCL-10% CS group and > pure PCL group. On day 60, water uptake in pure PCL was significantly less than that in the PCL-CS groups (p < 0.05).
According to the principle of tissue engineering, the degradation rate of the scaffold should be slower than the bone formation rate since the strength of the scaffold must be sufficient to support the bone regeneration process. Normally, PCL takes 9-12 months for molecular weight loss and more than 24 months for complete degrading [1, 48] . The degradation rate of PCL is not commensurate with the bone remodeling process. Therefore, initially, we hypothesized that additional CS would enhance the degradation rate of the scaffolds. However, the results revealed that there was no significant difference in weight loss among the study groups and the percentages of weight loss were low. The result also revealed that more CS content would increase water uptake of the scaffolds, and in contrast, decrease their degradation rate. There are some possible reasons that can explain this phenomenon. Firstly, it was found that CS with high deacethylation would support attachment of cells [49, 50] . Therefore, CS with a high degree of deacethylation was used in this study in order to enhance cellular activities. Several previous studies [10, 14, [51] [52] [53] revealed that the degradation rate of CS was inversely related to the degree of deacetylation in terms of crystallinity. Sarasam et al [14] described that the mechanism of degradation depended on coexistence of amorphous and crystalline zones in the CS macromolecule. The former was more water permeable and more accessible to lysozyme. In contrast, the later had less lysozyme and water permeability. Therefore, the highly deacetylated CS was found to be less susceptible to lysozyme. Secondly, diffusion of water into CS matrices is normally faster than degradation; thus, the matrices begin to swell prior to degradation [54] . Ren et al [52] explained that the degradation process of CS matrices was divided into two stages when immersed in the lysozyme solution. Stage I was a process in which swelling and degradation both existed, but the former surpassed the latter, resulting in the continued swelling of matrices. When swelling reached a maximum, continual degradation led to weight loss (stage II), the matrices tended to be thinner, and the swelling degree decreased. In addition, the swelling of CS depended on the degree of acetylation of CS [55] . The positive charged groups along the higher degree of acetylation of CS relate to more hydrophilic and water absorption due to the attraction of polar water molecules. By increasing the ion concentration, the osmotic pressure inside the structure also allows the water easily to diffuse into the structure due to the thermodynamic driving force. Corresponding to our result, water uptake of the PCL-CS scaffolds was more dominant than their weight loss during the observation period. It is implied that mass degradation of the MSMD scaffolds might occur after 60 days. Thirdly, permanent bond between the hydroxyl group of CS and oxygen atoms of water which is so called 'gelatinization', might occur in the scaffold's filaments during long term immersion in SBF. This mechanism can explain why degradation of the PCL-CS group was less than the pure PCL group even after freeze drying. Fourthly, the amounts of CS in the scaffolds were limited at 20% which was insufficient to affect the degradation rate of the scaffolds. This was similar to previous study [14] which reported that the maximum weight loss of 100% CS and PCL-50%CS membrane in 100 mg l −1 of lysozyme over 28 days were only 20% and 15% respectively. In addition, there was no difference of degradation in lysozyme and in PBS. Lei et al [56] reported that the degradation of polycaprolactone-tricalcium phosphate composite scaffolds (PCL-TCP) containing 20% TCP was approximately 1-2% weight loss during 28 days.
(E ) Figure 17 . SEM images show morphology, attachment and growth of osteoblasts on the MSMD scaffolds on the early culture-days. After seeding, the osteoblast cells could attach throughout all layers of the pure PCL scaffold (A) and PCL-CS scaffold (B). On culture-day 1, the cells aligning along the groove direction were clearly found in pure PCL group (C) rather than in PCL-CS groups (D). On culture-day 3, the cells sprouted their cytoplasmic processes attaching firmly to the surface of pure PCL surface and flattened covering the surface of the scaffold (E).
They suggested that the degradation of the PCL-TCP scaffolds was still in the early stage. Finally, although lysozyme and SBF were used, the degradation experiment does not mimic the degradation mechanism in vivo. The mechanism mainly depends on phagocytic cells such as neutrophils, giant cells and macrophages which release a wide range of lysozyme [57, 58] . Thus, assessment of degradation in animal models is essential for explaining this mechanism in humans. culture-days 14-21, bone-like appearance of the cell sheets covering the surface of the PCL-CS scaffolds was clearly seen ( figure 19 ). By observation, the cell-forming in multilayers and mineralized nodules found in PCL-CS groups were more than that in the pure PCL group.
Cell proliferation test.
Growth of the cells in all groups increased with time (see figure 20) . In the pure PCL group, the growth increased significantly on culture-day 7 (ANOVA, F = 81.01; df = 4; p = 0.000). In the PCL-CS groups, the growth increased significantly on culture-day 14 (PCL-10%CS; ANOVA, F = 21.52; df = 4; p = 0.000 and PCL-20%CS; F = 81.65; df = 4; p = 0.000). At each time point after culture-day 1, growth of the cells in the PCL-CS groups was significantly higher than that in the pure PCL group (p < 0.05). On culture-day 21, the growth in the PCL-20%CS group was significantly higher than that in PCL-10%CS group Figure 20 . The graph demonstrates the osteoblast proliferation on the scaffolds over 21 days. At each time point after culture-day 1, the cell proliferation in PCL-10%CS and PCL-20%CS groups was significantly higher than that in pure PCL group I ( * P < 0.05). On culture-day 21, the cell proliferation in PCL-20%CS group was significantly higher than that in the other groups ( †p < 0.05).
(p < 0.05). The overall growth in the PCL-20%CS group was higher than that in the pure PCL and the PCL-10%CS groups.
Previous studies [59, 60] have reported the affect of microgrooves on cell proliferation. Bruinink and Wintermantel [38] reported that the presence of grooves enhanced proliferation and differentiation of rat bone marrow cells when compared to smooth surfaces. In addition, arrangements of the grooves would affect their activities. Wang et al [60] reported that micro-grooves possibly had mechanical inducing responses in some cells. They found that actin filaments and nuclei of MC3T3-E1 cells aligned markedly in the groove direction, while the cells on the smooth surface randomly aligned. Corresponding to this study, in the early stage, MC3T3-E1 cells were found to adhere well to the groove surfaces of MSMD scaffolds. The cells were found sprouting their cytoplasmic processes into the grooves and aligning in the groove direction (figure 17).
Surface roughness is one of the important factors for cell attachment. It was found that bone cells got attached to rough surfaces easier than smooth surfaces [61] . Rough surfaces can increase the effective surface area for cell attachment and promote mechanical interlocking by tissue in-growth. In this study, CS reduced the micro-groove pattern and surface roughness of the scaffold. However, proliferation of the osteoblast cells in the PCL-CS groups was significantly higher than that in the pure PCL group during the culture period. Therefore, it was implied that the effects of CS were more dominant than those of surface morphologies in terms of promoting cell proliferation. The possible reasons for this are as follows. Firstly, serum proteins essential for growth of the cells could be absorbed into the filaments of PCL-CS scaffolds via micro-voids and swelling of CS. Although, the majority of blood serum proteins are negatively charged, the positive charge effect of CS or its hydrophilicity may not promote protein absorption because competition between water molecules and the protein may result in decreased protein absorption [62] . From previous literatures, effects of CS on promoting cell proliferation are still controversial. Furthermore, the ratio of PCL:CS to obtain the optimum cellular responses is obscure. Some studies [63, 64] reported that hydrophilicity of CS affected cell spreading due to influencing the adsorption of proteins and preventing the adhesion of platelets and fibrinogen onto its surface. Mao et al [64] reported that CS containing substrates displayed a significant positive charge which was effective for the initial instantaneous fibroblast adhesion in the first 24 h, although detrimental to their proliferation thereafter. Sarasam and Madihally [13] fabricated the PCL-CS blend membrane using solvent casting and found that PCL-50%CS and PCL-25%CS blends showed better support for mouse embryonic fibroblast spreading and survival. They suggested that combining with hydrophobic PCL could alter the hydrophilicity of CS due to decreased surface charge attributed to the shielding effect by PCL. This resulted in more adsorption and binding of adhesive proteins in the extracellular matrix onto the biomaterial surface. Chiono et al [10] correspondingly reported that NIH 3T3 mouse fibroblast cells density was decreased with increasing the CS amount in PCL-CS blends. For tests using S5Y5 neuroblastoma cells, the blends with a low CS ( 10 wt%) were promising for cell attachment and proliferation. They found that samples containing low CS showed a lower surface roughness and more regular morphology. However, these PCL-CS ratios cannot be compared to those of MSMD scaffolds because different techniques were used and no previous study has fabricated the scaffold in 3D.
In this study, the PCL-20%CS scaffolds achieved the best result for osteoblast proliferation, whilst their mechanical properties and degradation rate were not different from the other ratios. Nevertheless, future investigations need to be performed to determine the differentiation of osteoblast including the levels of enzyme markers and quantifying their mineralization.
Conclusion
This study introduces the novel technique of MSMD for fabrication of polymeric 3D scaffolds. The PCL-CS scaffolds in various ratios were successfully fabricated. This technique is likely to become the technique of choice for fabricating biodegradable scaffolds in our future studies. The results demonstrated that physical properties of the scaffolds were tailored by altering the proportion of PCL and CS. Among the experiment groups, the PCL-20%CS scaffolds obtained optimum results in terms of physical properties and cellular response.
